Background: To date, a postural perturbation system capable of generating position-, velocity-, and force-controlled perturbations while being portable and suitable for use during various postural scenarios does not exist. Therefore, the purpose of the present study was to design, develop, and test a portable and automated postural perturbation system (PAPPS) that can be used to measure and train postural reactions during sitting, standing, and treadmill walking.
I. INTRODUCTION
For a particular sensory environment, balance defines the ability to regulate the body's center of mass over the base of support during sitting, standing, or walking [1] .
This intrinsic ability results from a combination of anticipatory and reactive balance control strategies. On the one hand, anticipatory control strategies are applied when the individual is able to predict the direction, intensity, and/or type of the imminent perturbation in order to minimize its impact on the body. Reactive control strategies on the other hand are utilized when the perturbation occurred unexpectedly and could not be anticipated. The goal of these strategies is to re-stabilize the body after the perturbation has challenged or compromised the individual's balance. Perturbations that elicit reactive -or feedback -control strategies are called postural perturbations. In order to study human responses to postural perturbations and to identify the role of the neuromuscular system in reestablishing postural stability, mostly mechanical perturbations have been used [2] .
One of the most common experimental approaches for inducing postural perturbations is to mechanically perturb the support surface on which the subject is standing [3] [4] [5] [6] [7] or sitting [8] [9] [10] [11] , with the goal of characterizing the conditioned or unconditioned postural control system in various healthy or disabled populations. In this context, various studies have indicated the usefulness of multi-directional surface perturbations in studying postural responses and balance control strategies [12] [13] [14] [15] [16] [17] . For example, using multiple perturbation directions in the pitch and roll planes, posturecorrecting reactions in trunk and leg muscles were shown to have different sensitivities to the direction of external perturbation [12, 13] . In addition, Henry et al. suggested that postural responses after translational surface perturbations depend on the various biomechanical constraints in the different planes of movement [14] and that their control is A Portable and Automated Postural Perturbation System for Balance Assessment, Training, and Neuromuscular System Identification
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Vette 5 characterized by a complex interaction of central and peripheral information [15] . Most recently, multi-directional surface perturbations were used to show that muscle synergies represent a general neural control strategy [16] , but that such a global control pattern cannot be applied to all postural tasks [17] . Besides the surface perturbations, postural perturbations have also been applied directly to the trunk in order to quantify human trunk stiffness [18, 19] and postural reflex properties [20] [21] [22] or to determine the effect of external loads on lumbar spine stability [23] [24] [25] [26] , muscle activation patterns [27] [28] [29] [30] , and body kinematics [27, 30] . Similarly, subjects have been perturbed to characterize protective stepping responses in young and older adults [31, 32] or to study falls in the anterior direction after perturbation of a forward leaning posture [33, 34] .
In the described studies, the applied perturbations were executed by either displacing the body of the subject directly (kinematics control) or by exerting or releasing a load that was attached to the subject (force control). In most cases, the perturbations exhibited a step profile [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [23] [24] [25] [26] [27] 29, [31] [32] [33] [34] , although impulse [19, 21, 30] , sinusoidal [18, 28] , and randomized [3, 4, 7, 20, 22] profiles have been used as well. After carefully scrutinizing the perturbation devices that were applied in the aforementioned studies, one can conclude that only the perturbation platforms appear to be capable of delivering different perturbation profiles [3, 4, 7] . In fact, several types of support surface perturbation [21, [23] [24] [25] [26] [27] 29, 30] . Moreover, our team discovered after careful examination of the drop weight perturbation system that it does not generate impulse-like force profiles as desired [36] .
After more than ten years of research in the field, our team became convinced that a portable device, which is able to generate diverse perturbations with variable intensities and profiles, is essential for a better understanding of postural control in able-bodied and disabled individuals. Therefore, our team has developed a portable and automated postural perturbation system (PAPPS) that can deliver arbitrary displacement, velocity, and force perturbations as a function of time. Note that this device could be used as a diagnostic tool, a research device, and a training system for enhancing balance in different patient populations. Due to the high modularity and flexibility of the PAPPS, it is applicable for a large range of postural scenarios such as sitting, standing, or treadmill walking. In addition, one can use a single or up to eight perturbation systems to deliver synchronized or consecutive perturbations in multiple directions. The objective of the present study was to report on the design of the PAPPS and to evaluate its performance in (1) accuracy and repeatability tests and (2) an exemplary postural perturbation application during sitting.
II. MATERIALS AND METHODS

A. Design of the Postural Perturbation System
The PAPPS was designed to elicit arbitrary displacement, velocity, or force perturbations at any desired height. The next key requirement was that the system is portable and that it can be easily transported (e.g., in a car) or mailed as a parcel. As a final requirement it had to be ensured that multiple systems can be connected in a daisy chain configuration to provide synchronized or consecutive perturbations in various directions.
In particular, it was envisioned that up to eight PAPPS's may be connected in such a linked configuration. To meet these design requirements, the PAPPS had to be developed so that it consisted of 1) a conventional actuation system, 2) a custom-designed actuator control circuit and software that could control up to eight perturbation systems simultaneously, and
3) a custom-designed, light mechanical frame that not only holds and stabilizes the actuation system, but that can also be easily disassembled.
The horizontal perturbations provided by the PAPPS were delivered to the subject/patient via short stainless steel cables (one per PAPPS, i.e., perturbation direction), karabiners, and a soft, custom-made chest harness. The chest harness, which was 14 cm wide and 1.35 m long, was made of canvas and used heavy duty fasteners and Velcro strips for fixation. In addition, it had loops every 3 cm apart to accommodate the attachment of the stainless steel cables for different perturbation directions and chest sizes.
1) Actuation System of the PAPPS
The hardware configuration of the actuation system is schematically depicted in The servo amplifier had internal position, velocity, and current feedback control loops that operated at sampling frequencies of 3 kHz (position and velocity) and 15 kHz (current).
The amplifier could operate in stand-alone mode according to a pre-programmed algorithm or be continuously updated from an external source using RS-232 communication. Since the time delays associated with the data acquisition and LabVIEW processing permitted a maximum operating frequency of 100 Hz, the internal amplifier loops were used to control the actuator between PC updates. The edge filter was necessary to reduce the noise on the output side of the amplifier by increasing the rise time of the raw pulse-width modulated amplifier signal.
To ensure the safety of the subjects/patients who are perturbed by the PAPPS, an independent Safety Control Circuit was implemented. The circuit was monitoring the output of the load cell and severed the PDU power flow if the reading exceeded a predefined threshold level that depends on the application. The PAPPS was then disengaged and shut down instantaneously to prevent any form of injury. It is important to point out that this safety circuit was not the only safety layer of the PAPPS. Many other safety features were included in the system such as peak displacement, velocity, and force limits as well as maximum rates of change of the controlled variable. The circuit discussed in this section was the last-resort measure that would protect the subject/patient in an unlikely event that the PAPPS controller fails and causes unpredicted movement of the body.
Fig. 2.
Graphical user interface for controlling the PAPPS. After having selected the desired perturbation unit (actuators 1 to 8), the user could choose from different perturbation types and profiles. In addition, any arbitrary profile using a single column text file could be uploaded. During the perturbations, the measured position and velocity, the current commands to the servo amplifier, and the measured force were recorded for all active actuators and could be monitored (one actuator at a time). Figure 2 shows the graphical user interface (GUI) implemented to control the PAPPS. The GUI, which was written using LabVIEW, allowed the user to select the type of perturbation, i.e., a position-, velocity-, or force-controlled perturbation. In addition, the user could choose from various forms of pre-programmed perturbation profiles. At the time of this study, the profile library consisted of sinusoidal, Gaussian (impulse), step, and ramp profiles, which can be easily expanded to include more complex perturbation profiles (e.g., pseudorandom profiles). In addition, the user can upload any arbitrary profile using a single column text file at a specified sampling frequency. Once the desired perturbation profile with particular parameters was selected and the actuator initialized, the system was ready to deliver the perturbation to the subject/patient. During the perturbation, the measured actuator position and velocity, the current commands to the servo amplifier, and the measured force were recorded and could be monitored in real-time via the GUI.
In a daisy chain configuration of the PAPPS, the desired perturbation type and profile can be composed or uploaded for each perturbation unit separately (actuators 1 to 8
in Fig. 2 ). After this has been completed for all actuators, the synchronized perturbations could be executed via the universal 'Start Movement' button ( Fig. 2) . Using CAN-bus and network addresses that are uniquely assigned to particular perturbation units, the control software will then send distinct commands to the units' actuators, allowing for virtually simultaneous motion control (inter-actuator delay in μs-range) and for actuator-coded data acquisition. Note that the described operation method in daisy chain configuration ensures, for example, that wire cables of passive actuators do not restrict the motion of the perturbed subject/patient by having the passive actuators simultaneously moved towards the subject/patient at the time of perturbation. Using a similar technique, two actuators opposite to each other can also execute sinusoidal perturbations as commonly delivered via movable surfaces.
3) Mechanical Structure of the PAPPS
A schematic and a photograph of the mechanical structure of the PAPPS are shown in Fig. 3 . The light-weight mechanical frame, whose dimensions were 65.00"(H) × 36.75"(L) × 29"(W) (165.10 cm × 93.35 cm × 73.66 cm), was designed to allow the user to easily assemble and disassemble the device between usage and storage or shipping. The frame consisted of seven independent pieces that were tied together at eight points using M6 bolts. The pieces were: front (1) and rear (2) pillars, left (3) and right (4) base side angles, the frame top (5), and left (6) and right (7) struts for enhanced stability. The linear actuator was mounted onto an actuator support plate (8) , which was then coupled to the frame through support plate anchors (9) that slid vertically onto the pillars. The actuator support plate was attached to the support plate anchors with four M6 bolts and could be removed from the frame with the actuator attached to avoid disconnecting the wires from the actuator when the frame was to be dismantled. Note that the height of the support plate and, hence, of the actuator could be continuously adjusted by fixing the support plate anchors (9) at a desired height via two M6 bolts per side that pushed against the pillars. As a result, the height of the applied perturbation could range from as low as 20 cm to up to 160 cm. Note that Fig. 3 also shows a potential daisy chain configuration of the PAPPS that uses eight perturbation units. , and a width of 29" (73.66 cm). It was kept stationary during actual perturbations using friction: a wooden platform (10) was fixed onto the frame base and a large mass (~60 kg) was placed on top of it.
The frame was made from 1" × 1/2" × 0.065" (2.54 cm × 1.27 cm × 0.17 cm) rectangular steel tubes and 1" × 1" × 1/8" (2.54 cm × 2.54 cm × 0.32 cm) hot-rolled steel angles. The support plate was machined out of a 3/16" (0.48 cm) thick hot rolled steel sheet, whereas the support plate anchors were welded from a 1" × 1" × 0.065" (2.54 cm × 2.54 cm × 0.17 cm) square steel tube and two pieces of 1.5" × 3/4" (3.81 cm × 1.91 cm) rectangular steel tube. The frame was kept stationary during actual perturbations using friction: a wooden platform (10) was fixed onto the frame base and a large mass of approximately 60 kg was placed on top of it. Note that this mass was found to be sufficient for frame stabilization independent of the weight of the subject and the type and profile of the perturbation.
B. Accuracy and Repeatability Tests
In order to evaluate the performance of the PAPPS, accuracy and repeatability tests were performed for position, velocity, and force control using the following perturbation profiles:
• Sinusoid
• Gaussian/Impulse
• Ramp/Step
As listed in Table 1 , a variety of parameters (e.g., amplitude, frequency, and variance) was tested for each perturbation profile so as to cover the range of potential postural perturbation applications. During the tests, the actuator was positioned at a height of 90 cm, which marks the center of the applicable vertical range. In addition, the time difference between the perturbation command and the perturbation onset was recorded to capture the time delay of the system. Table 1 . Perturbation profiles, perturbation types, and applied parameters.
1) Position-, Velocity-, and Force-Controlled Perturbations
During the position and velocity perturbation tests, a drop weight of 20 lbs (9.1 kg) was attached to the actuator via the load cell, a stainless steel cable, and a pulley. Note that the drop weight, which could move freely, was used to simulate the resistive force that the actuator would encounter during position-or velocity-controlled postural perturbations. A highly sensitive laser displacement sensor with a measurement resolution of 10 μm (LK2500, Keyence, Japan) was placed in line with the actuator to record the motion of the actuator during all trials. Note that the external measurements from the displacement sensor were used to: (1) verify the accuracy of the internal displacement and velocity measurements provided by the encoder of the PAPPS, and (2) parameters were executed in order to evaluate the accuracy and repeatability of the perturbations.
During the force perturbation tests, the actuator was attached to the frame of the PAPPS via the load cell and a short stainless steel cable (isometric force). The force readings were sent back to the system for feedback and externally recorded for further analysis. As for the other tests, three consecutive trials were executed for each set of force profile parameters to evaluate the accuracy and repeatability of the perturbations. Note that the force profiles were executed in addition to a constant load (25 N or 50 N) to ensure a positive (pulling) force at all times.
2) Data Processing and Analysis
The measurements from the laser displacement sensor and the load cell were digitized at 1 kHz and converted into displacement and force, respectively. To eliminate high-frequency noise while preserving the key features of the measured profiles, the signals were then low-pass filtered using a fourth-order, zero phase-lag Butterworth filter with a cut-off frequency of 20 Hz. Finally, the actuator's velocity was calculated using
where v[n] is the actuator's velocity at sample n, x[n+1] the actuator's position at sample n+1, and f S the sampling frequency (1 kHz). The internal position and velocity measurements of the PAPPS were digitized at 100 Hz and low-pass filtered the same way as the external measurements.
To quantify the performance accuracy of the PAPPS for all trials and all types of perturbation, the coefficient of determination (R 2 ), the proportion of the variability of the desired performance (given displacement, velocity, or force profile) that was accounted for by the actual performance (measured displacement, velocity, or force profile), was calculated. To quantify the performance repeatability of the PAPPS, the standard deviation of R 2 was determined. Note that both the performance accuracy and performance repeatability were identified for each perturbation profile separately and for the sum of all trials.
C. Example Application: Postural Perturbations during Sitting
1) Experimental Procedure
Following the accuracy and repeatability tests, the PAPPS was used to demonstrate its capabilities in a case study with a single able-bodied individual. The healthy male subject was 24 years of age, had a height and weight of 190 cm and 90 kg, respectively, and reported no history of neurological disorders or chronic back pain. He gave written informed consent to the experimental procedure, which was approved by the ethics committees of the University of Toronto (Health Sciences) and the Toronto Rehabilitation Institute in accordance with the declaration of Helsinki on the use of human subjects in experiments. During the experiments, the participant was sitting on a stool in an upright position and was perturbed in the anterior direction at the level of his sternum. Note that the horizontal perturbations were delivered via the load cell, a short stainless steel cable, and the previously described chest harness (see Section IIA). The perturbations were position-controlled and featured a profile that consisted of multiple full-wave sinusoids with pseudorandom frequency. The peak-to-peak amplitude was set to 10 mm, the frequencies ranged from 0.1 to 2.5 Hz, and the perturbation lasted for 30 s. Ten perturbation trials were performed during which the participant was instructed to maintain 
2) Data Acquisition and Processing
During each trial, the motion of the actuator and the load on the system were recorded with the laser displacement sensor and the load cell, respectively. A second laser displacement sensor (LK2500, Keyence, Japan), which was positioned behind the subject at the height of his sternum, measured the anterior-posterior trunk motion. In addition, the electromyogram (EMG) of the right erector spinae at the level of the third lumbar vertebra (ES-L3) was recorded with a Bortec Biomedical AMT-8 EMG system and BiPole surface EMG electrodes (Bortec Biomedical Ltd., Canada). The EMG of ES-L3 was amplified by a factor of 1,000 and band-pass filtered between 10 and 1,000 Hz.
Due to the high frequency response range of the EMG system, all time series were digitized at a sampling frequency of 2 kHz. The EMG time series of ES-L3 were then rectified and filtered using a fourth-order, zero phase-lag Butterworth filter with a cut-off frequency of 2 Hz. The time series of the displacement sensors and the load cell were processed as described in Section B2. By applying Eq. (1) and f S of 2 kHz, the data on the subject's trunk motion were finally used to compute the angular acceleration of the trunk around the hip joints (anterior-posterior degree of freedom) under the assumption that the trunk is rigid.
III. RESULTS
A. Position-Controlled Perturbations
The results for the position-controlled sinusoidal perturbations with amplitudes and frequencies listed in Table 1 Figure 5 shows the results for the position-controlled Gaussian and ramp profiles with amplitudes, variances (Gaussian), and rise times (ramp) described in Table 1 . The subplots on the left side (Fig. 5A) show the internal measurements from the encoder and the subplots on the right side ( Gaussian and ramp displacement perturbations with amplitudes, variances, and rise times described in Table 1 . The bold gray lines mark the desired and the thin black lines the actual position of the actuator. The left subplots (Fig. 5A) show internal and the right subplots (Fig. 5B) show external measurements.
B. Velocity-Controlled Perturbations
The results for the velocity-controlled sinusoidal perturbations with amplitudes and frequencies listed in Table 1 Figure 7 shows the results for the velocity-controlled Gaussian and ramp perturbations with amplitudes, variances (Gaussian), and rise times (ramp) described in Table 1 . The subplots on the left side (Fig. 7A) show the internal measurements from the encoder and the subplots on the right side (Fig. 7B) show the external measurements from Gaussian and ramp velocity perturbations with amplitudes, variances, and rise times described in Table 1 . The bold gray lines mark the desired and the thin black lines the actual velocity of the actuator. The left subplots (Fig. 7A) show internal and the right subplots (Fig. 7B) show external measurements.
C. Force-Controlled Perturbations
The results for the force-controlled perturbations with parameters listed in Table 1 can be seen in Fig. 8 . In each subplot, the bold gray lines represent the desired isometric force, whereas the thin black lines represent the force measured by the load cell. Table 1 . The bold gray lines mark the desired and the thin black lines the measured force on the system. Figures 8A, 8B , and 8C show the sinusoidal, the Gaussian, and the ramp perturbations, respectively.
D. Accuracy and Repeatability Results
The results of the perturbation tests depicted in Figs. 4 to 8 reveal that the actual perturbation profiles fitted the desired perturbation profiles extremely well. As shown in Table 2 , the coefficient of determination R 2 proved to be very high for all perturbation types (displacement, velocity, and force) and perturbation profiles (mean of 99.9 %). This implies a high level of accuracy in the delivery of the PAPPS perturbations. Note that, in the case of the displacement and velocity perturbations, the internal measurements provided by the encoder and the external measurements provided by the laser displacement sensor matched exceptionally well. A two-sample t-test actually revealed that there was no significant difference between the two measurement forms (p = 0.138, t-statistic = -1.488, degrees of freedom = 190, equal variance assumption). In addition, the offsets between the internal and external measurements had a similar magnitude as the measurement resolution of the laser displacement sensor (see Table 2 and Section IIB). These findings suggest that
(1) the PAPPS did not move during the perturbations regardless of the delivered perturbation, and (2) the accuracy of the sensors integrated within the PAPPS matches that of high quality sensors such as the one used in this study. Moreover, the low standard deviation in R 2 of approximately 0.1 % indicates a high level of repeatability with respect to the perturbation delivery. In fact, during the sum of 105 trials, the PAPPS did not fail once to deliver high accuracy perturbations. Finally, it should be noted that the average time delay between the perturbation command and the perturbation onset was found to be 201±16 ms. 
E. Results of Postural Perturbation Case Study
The time series recorded 5 s prior and 25 s after the onset of the pseudorandom sinusoidal displacement perturbations are depicted in Fig. 9 (case study). In the top subplot, the bold gray line represents the desired position of the actuator, whereas the thin black lines represent the measured actuator position during the ten executed trials (10 separate time series plotted on top of each other). In the second subplot, the load on the system as measured by the load cell is presented as an ensemble average for all ten trials.
The third subplot shows the ensemble-averaged angular acceleration of the subject's trunk around the hip joints (anterior-posterior degree of freedom), with a positive acceleration indicating trunk acceleration in the forward direction. The last two subplots depict the ES-L3 activity, first as an ensemble-averaged envelope (fourth subplot) and then as a raw EMG signal (bottom subplot).
The plots in Fig. 9 reveal a distinct relationship between the perturbations, the load on the system, the trunk acceleration, and the recorded muscle activity. In addition, it can be seen that the trunk acceleration and the ES-L3 activity (third and fourth subplots) 
IV. DISCUSSION
A. Technical Performance of the PAPPS
The results of the accuracy and repeatability tests clearly demonstrate that the PAPPS is a reliable, high-precision device for delivering postural perturbations. Although the PAPPS was designed for maximum portability and modularity, it can cover a vertical range of horizontal perturbations from as low as 20 cm to up to 160 cm. As a result, it can be used for a wide range of subject/patient anthropometrics and postural scenarios found in the scientific literature. Moreover, it exhibits displacement, velocity, and force perturbation capabilities that exceed the needs of postural perturbation experiments or training. It is also important to stress that potential users can use a single or multiple perturbation systems in order to create complex perturbation scenarios. The PAPPS was actually designed to allow eight perturbation units to act in a daisy chain configuration (see Fig. 3 ), which is a unique feature not available in competing perturbation systems. Note that a similar device has been used to evoke protective sidestepping in young and older adults [32] ; however, it seems more limited with respect to 1) the number of perturbation lines (six versus eight), 2) the available perturbation types (kinematics versus kinematics and force), and 3) the potential for complex experimental protocols including synchronized perturbations.
The PAPPS control system is user-friendly as the user can select the desired perturbation type, perturbation profile, and respective parameters in a few steps via a straightforward GUI. In addition, the PAPPS permits synchronization with other experimental systems such as EMG, motion analysis, and force plate systems. It is also important to note that the external measurements verified the accuracy of the PAPPS and that no elastic deformations and/or translational motion occurred during the perturbations.
The high accuracy of the internal measurements from the encoder finally implies that no external measurement devices are needed to capture the kinematics of the PAPPS during action.
B. Scientific Potential of the PAPPS
Since the body of literature related to postural perturbations indicates that the postural response elicited by a perturbation is dependent on the mechanical interaction between the perturbing force and the current mechanical state of the body, one purpose of the PAPPS is to afford maximum independent control over the mechanical perturbation.
By diligently controlling this component of the interaction, it will be possible to enhance the understanding of the actual mechanical properties of the body during and following perturbation. Analysis of the acquired data (e.g., EMG and kinematics), along with computer modeling approaches, will then allow researchers to study how both the passive structural and active neuromuscular properties of the system contribute to the observed postural response.
Several studies have emphasized that it is important to control the properties of the perturbation. Diener et al. [37] as well as Runge et al. [38] showed that the kinematic parameters of the perturbation have a significant influence on the body's linked-segment kinetics and neuromuscular (EMG) response. Others have found that a typical ramp displacement profile used in surface perturbations actually produces two separate perturbations (initial acceleration and subsequent deceleration), each of which affects the elicited postural response [39] . Finally, it has been shown that the postural response after perturbation is greatly affected by the direction of perturbation [12, 14, 15] .
By carefully controlling the properties of the perturbation, a wide range of physiological questions can be addressed using the PAPPS. properties and constraints of the body [40] . Note that other research questions will come to the foreground as more is understood of how the human body utilizes available balance control strategies dependent on factors such as the state of the body and the characteristics of the perturbation.
C. Case Study and its Scientific Potential
The main purpose of the performed case study was to demonstrate an example of how the PAPPS could be applied in postural perturbation studies. Such a study could not only be used to investigate postural responses to mechanical perturbations, but also for more sophisticated scientific paradigms, including the identification of particular reflex dynamics (e.g., [20] [21] [22] ) and of stiffness properties of various body segments (e.g., [18, 19] ). In this context, a more sophisticated device for perturbation delivery is particularly valuable for its potential to enhance the outcome of studies that use experimental data to identify, support, or reject a theoretical relationship of dependence.
To give an example, the data from the presented case study could be used to characterize the relationship between load and muscle activity, to identify the time delays in the physiological feedback control system, and to investigate the nature of the underlying postural control mechanism during sitting or standing.
V. CONCLUSIONS
The portable and automated postural perturbation system (PAPPS) was developed to help scientists and clinicians gain a better insight into postural control in more realistic environments. Instead of bringing subjects/patients to the gait laboratories, one can easily take the PAPPS to the community and perform postural assessments in novel settings. A need for such a system has been identified some time ago by our research team at the Toronto Rehabilitation Institute, and the PAPPS is the first attempt to address this need.
The PAPPS is a portable and very accurate perturbation system that can deliver arbitrary displacement, velocity, and force perturbations. The perturbations were delivered horizontally and with a vertical range from as low as 20 cm to up to 160 cm. As a result, the PAPPS could be used to test postural responses during sitting, standing, treadmill walking, etc. Besides the postural response studies, the PAPPS could be used to assess and train balance in patients with neuromuscular disorders or to perform neuromuscular system identification experiments. Since up to eight perturbation devices can be connected and simultaneously controlled in a daisy chain configuration, the PAPPS is well suited for complex perturbation experiments requiring sophisticated perturbation profiles and temporal fidelity when these perturbations are delivered. Table Legends   Table 1 . Perturbation profiles, perturbation types, and applied parameters. Table 1 . The bold gray lines mark the desired and the thin black lines the actual velocity of the actuator. The left subplots (Fig. 7A) show internal and the right subplots (Fig. 7B) show external measurements. Table 1 . The bold gray lines mark the desired and the thin black lines the measured force on the system. Figures 8A, 8B , and 8C show the sinusoidal, the Gaussian, and the ramp perturbations, respectively. 
